Background: Six mammalian ceramide synthases (CerS) each use acyl-CoAs of defined chain length for N-acylation of the sphingoid base. Results: A series of chimeric CerS proteins was generated and examined for specificity. Conclusion: A minimal region of 150 amino acid residues is required for specificity. Significance: The study paves the way for further structure-function analyses of the CerS.
In mammals, ceramides are synthesized by a family of six ceramide synthases (CerS), transmembrane proteins located in the endoplasmic reticulum, where each use fatty acyl-CoAs of defined chain length for ceramide synthesis. Little is known about the molecular features of the CerS that determine acylCoA selectivity. We now explore CerS structure-function relationships by constructing chimeric proteins combining sequences from CerS2, which uses C22-CoA for ceramide synthesis, and CerS5, which uses C16-CoA. CerS2 and -5 are 41% identical and 63% similar. Chimeras containing approximately half of CerS5 (from the N terminus) and half of CerS2 (from the C terminus) were catalytically inactive. However, the first 158 residues of CerS5 could be replaced with the equivalent region of CerS2 without affecting specificity of CerS5 toward C16-CoA; likewise, the putative sixth transmembrane domain (at the C terminus) of CerS5 could be replaced with the corresponding sequence of CerS2 without affecting CerS5 specificity. Remarkably, a chimeric CerS5/2 protein containing the first 158 residues and the last 83 residues of CerS2 displayed specificity toward C16-CoA, and a chimeric CerS2/5 protein containing the first 150 residues and the last 79 residues of CerS5 displayed specificity toward C22-CoA, demonstrating that a minimal region of 150 residues is sufficient for retaining CerS specificity.
Ceramide, a bioactive sphingolipid and an important intermediate in the sphingolipid biosynthetic pathway (1-3), consists of a sphingoid long chain base to which a fatty acid is attached via an amide bond (4 -6) . In mammals, ceramide is synthesized by a family of six ceramide synthases (CerS) 2 (7, 8) , each of which utilizes a restricted subset of fatty acyl-CoAs to synthesize ceramides with defined acyl chains (9, 10) . For example, CerS5 uses C16-CoA (9, 11) , and CerS2 uses mainly C22-C24-CoAs (12) to generate C-16-and C22/24-ceramides, respectively.
All mammalian CerS share a distinct domain, the Tram-Lag-CLN8 (TLC) domain, a region of ϳ200 residues also found in other proteins (13) . The Lag1p motif, which is found within the TLC domain, is a conserved stretch of 52 amino acids (14, 15) and is not found in the two other TLC domain-containing families (TRAM and CLN8). The Lag1p motif has been suggested to be essential for CerS activity (16, 17) and contains a number of residues, including two conserved histidines, which may be involved in catalysis or substrate binding (13) . An additional feature shared by mammalian CerS (with the exception of CerS1) is the homeobox (Hox)-like domain, of which the last 12 residues are critical for activity. However, the precise function of the Hox-like domain is not known (15, 18) .
Despite their crucial roles in sphingolipid synthesis, the CerS have not been fully characterized, with little information available about the substrate binding sites and mode of selectivity toward different acyl-CoAs. Previous studies have focused on the effect of point mutations, with a number of critical residues identified, such as six conserved residues in the Lag1p motif of CerS1 and CerS5 (16) and a number of critical residues in the yeast homolog, Lag1p (17) (Fig. 1) .
In this study we explore structure-function relationships of CerS by generating chimeric proteins containing different regions of CerS5 and CerS2 and determine a minimal region of 150 residues required for CerS specificity toward acyl-CoAs. This is the first study to directly address the mode of acyl-CoA selectivity of CerS rather than their catalytic activity and paves the way for future studies investigating the structural features required to determine specificity. [4,5- 3 H]Sphinganine was synthesized as described (19) . Fatty acyl-CoAs were from Avanti Polar Lipids (Alabaster, AL). Defatted bovine serum albumin and an anti-FLAG antibody were from Sigma. An anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody was from Millipore. Horseradish peroxidase was from The Jackson Laboratory (Bar Harbor, ME). An ECL detection system was from Amersham Biosciences. Cycloheximide was from Sigma. Silica gel 60 thin layer chromatography plates were from Merck. Restriction enzymes and reagents were from New England Biolabs. All solvents were of analytical grade and were purchased from Bio-Lab (Jerusalem, Israel).
EXPERIMENTAL PROCEDURES

Materials-D-erythro-
Cloning CerS Chimeras-ClustalW multiple alignment was performed to compare CerS2 and CerS5 sequences. After designing the chimeras, sequences were generated using a computer algorithm to produce the constructs and primers. CerS5 and CerS2 were used as templates for elongation of the desired region from each protein, and PCR amplification of the products was performed and executed automatically by programmable robots under computer control (20) . PCR products were cloned into a pCMV-Tag2B (EcoR1/Xho1) vector carrying an N-terminal FLAG tag. Constructs C2:C5 152-309 :C2 and C2:C5 159 -309 :C2 (for terminology, see , C2:C5  159 -392 , and C5  1-309 :C2, and  C5:C2   144 -332   :C5 and C5:C2 151-301 :C5 were subcloned from CerS5 and CerS2, all using restriction-free cloning (21) . Primers are given in Table 1 . The sequences of all chimeras were confirmed before use.
Cell Culture and Transfection-Human embryonic kidney (HEK) 293T cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum, 100 IU/ml penicillin, and 100 g/ml streptomycin. Transfection of HEK 293T cells was performed by the calcium phosphate method using 0.25 g of plasmid per cm 2 of culture dish. Ceramide Synthase Assays-Thirty-six hours after transfection, HEK 293T cells were removed from culture dishes and washed twice with phosphate-buffered saline. Cells were homogenized in 20 mM HEPES-KOH, pH 7.2, 25 mM KCl, 250 mM sucrose, and 2 mM MgCl 2 containing a protease inhibitor mixture (Sigma). Protein was determined using the Bradford reagent (Bio-Rad). Homogenates (100 g of protein in 250 l of buffer) were incubated with 0.25 Ci of [4,5- 3 H]sphinganine, 15 M sphinganine (Matreya, Pleasant Gap, PA), 20 M defatted bovine serum albumin, and 50 M fatty acyl-CoA for 20 min at 37°C. Lipids were extracted and separated by thin layer chromatography using chloroform, methanol, and 2 M NH 4 OH (40: 10:1, v/v/v) as the developing solvent.
3 H-Labeled lipids were visualized using a phosphorimaging screen (Fuji, Tokyo, Japan), recovered from the thin layer chromatography plates by scraping the silica directly into scintillation vials, and quantified by liquid scintillation counting. Levels of expression of each chimeric protein were confirmed by Western blotting.
Cycloheximide Chase-Twenty-four hours after transfection of HEK cells with various FLAG-tagged CerS constructs, cells were resuspended in phosphate-buffered saline and treated 
Construct
The terminology used for each construct is given in Fig. 2 . b External and matching internal primers were used to amplify the desired regions from CerS2 or CerS5 templates. c Used to amplify desired regions from C5 :C2 and subsequently inserted into C2:C5 152-392 or C2:C5 159 -392 by restriction free cloning. d Used to amplify regions from CerS2 and subsequently inserted into CerS5 by restriction free cloning.
with cycloheximide (65 g/ml) (22, 23) for 0, 1, 2, or 4 h, harvested, and analyzed by Western blotting.
Western Blotting-Proteins were separated by SDS-PAGE and transferred to nitrocellulose membranes. FLAG-tagged constructs were identified using a mouse anti-FLAG antibody (1:10,000 dilution) and goat anti-mouse horseradish peroxidase (1:10,000 dilution) as a secondary antibody. Equal loading was confirmed using a mouse anti-GAPDH antibody. Detection was performed using the ECL detection system.
Bioinformatics-Homology profiling of human CerS2 and CerS5 was performed using Geneious Version 5.3.6 for Mac (24) . A sliding window alignment was performed with parameters of an identity of 20 and height of 95. Alignment of all the human CerS (CerS1, NP_067090.1; CerS2, NP_071358.1; CerS3, NP_849164.2; CerS4, NP_078828.2; CerS5, NP_671723.1; CerS6, NP_982288.1) was performed using ClustalW Version 2.0.12 and Muscle Version 3.8.31 (25, 26) . Phylogenetic analysis was performed using Neighbor-Joining in the ClustalW package and Proml in the Phylip package (Version 3.69) (27) . Similar results were obtained with all combinations of alignment and tree algorithms. The trees were visualized with FigTree 1.3.1. Transmembrane prediction was performed with the following programs using default parameters unless otherwise noted: DAS TMfilter (TM-library size 8, 16) (28), HMMTOP (29) , MemBrain (30), MEMSAT (31), oreinTM (predtmr2) (32), PHD (33), Philius (34), Phobius (35) , SOSUI (36), Split 4.0 (37), SVMTM (38) , TMHMM (39), Tmpred (40) , TOPCONS (41) , and Toppred (-e, Kyte-Doolittle hydropathy) (41) .
Electrospray Ionization-Tandem Mass Spectrometry (MS/MS)-Sphingolipid analyses by electrospray ionization-MS/MS were conducted using a PE-Sciex API 3000 triple quadrupole mass spectrometer and an ABI 4000 quadrupole-linear ion trap mass spectrometer (7, 42-44). shown is a comparison of hCerS2 and hCerS5 sequences by ClustalW multiple alignments. The asterisks (*) indicate identical residues (in blue), colons (:), and periods (.) indicate similar residues, with colons indicating more similarity than periods. The two conserved histidine residues are in red, and predicted transmembrane domains are in boxes. The lines above the sequences indicate the three major domains: Hox-like domain (green), TLC domain (purple), and Lag1p-motif (blue). Residues highlighted in yellow at the border of the TLC domain indicate 12 residues shown to be important for activity (18) ; residues highlighted in yellow in the Lag1p motif indicate equivalent residues to those previously mutated in either CerS1 or CerS5 or in yeast Lag1p: a, mutated in mouse CerS resulting in loss of activity; b, mutated in mouse CerS without affecting activity (16) ; c, mutated in yeast Lag1 resulting in loss of activity; d, mutated in yeast Lag1 without affecting activity (17) . C, shown are transmembrane predictions of hCerS5 performed with DAS TMfilter, HMMTOP, MemBrain, MEMSAT, oreinTM, PHD, Philius, Phobius, SOSUI, Split 4.0, SVMTM, TMHMM, Tmpred, TOPCONS, and Toppred. The red lines indicate a putative transmembrane domain suggested by each of the prediction programs. The numbered black lines indicating membrane-spanning domains are taken from the PHD prediction, which is used throughout the study. TMD, transmembrane domain.
Statistics-Statistical significance was assessed using an unpaired one-tailed Student's t test, with a p value of Ͻ0.05 considered statistically significant.
RESULTS
Comparison of CerS2 and CerS5-The six mammalian CerS are homologous transmembrane proteins with sequence similarity between 30 and 80%. Phylogenetic analysis reveals that the Hox-like domain-containing family members divide into two distinct branches, CerS2, -3, and -4 and CerS5 and -6 (Fig.  1A) , with the former using mainly very long chain acyl-CoAs (C18 -26) and the latter using long chain (C14 -16) CoAs. To attempt to delineate regions determining acyl-CoA specificity, one representative member of each branch was chosen, namely CerS2 and CerS5. Human CerS2 (hCerS2) contains 380 resi- dues, whereas CerS5 contains 392 residues, with the additional residues located at both the N and C termini, resulting in a discrepancy in the numbering of equivalent residues in each protein. A comparison of the sequences of CerS2 and CerS5 along with other important features is illustrated in Fig. 1B .
Mammalian CerSs are located in the endoplasmic reticulum with their active site probably facing the cytosol (19) . Because the transmembrane topology of the mammalian CerS has not been resolved experimentally, we compared several prediction programs to assess topology (Fig. 1C) . Most programs suggest that the CerS have six membrane-spanning domains (10, 33) . However, significant disagreement between the various prediction programs was noted for the fourth putative transmembrane domain, in which the Lag1p motif is located, with some programs suggesting one membrane-spanning domain in this region and others, two. Although the transmembrane topology of the CerS does not have direct bearing on the experimental results presented herein, we nevertheless depict the CerS as having six transmembrane domains, based on the results of the PHD program.
We next performed multiple alignment analysis of CerS2 and CerS5 from different species, and chose various regions for generation of chimeric proteins, such as the area adjacent to the TLC domain, the Lag1p motif, and putative transmembrane domains. Additional chimeras were subsequently prepared based on results of the initial analyses to give a total of 17 chimeric proteins (Fig. 2) . Similar levels of transfection were obtained for most chimeric proteins (Fig. 3) , and in those cases where differences in expression were observed, no correlation with activity (see below) was detected. The specific activity of each construct was compared with the specific activity of CerS5 (using C16-CoA as substrate) and of CerS2 (using C22-CoA).
Preliminary Analysis of CerS2 and CerS5
Chimeras-Initial studies were performed in which large sequences were were prepared from cells overexpressing the indicated constructs (for terminology, see Fig. 2 ). CerS5 activity was assayed using C16-CoA (upper panel) and CerS2 using C22-CoA (lower panel). Results are the means Ϯ S.D. of a typical experiment repeated three times with similar results. *, p Ͻ 0.05. B, putative membrane topology of each construct is shown. The topology is based on six predicted transmembrane domains (Fig. 1) ; regions provided by CerS5 are shown in dark gray and CerS2 are in light gray. exchanged between CerS5 and CerS2. The initial construct contained the first 221 residues of CerS5 attached to the C-terminal sequence of CerS2; residue 221 in CerS5 is one of the two conserved histidines within the Lag1p motif ( Figs. 1 and 2) . Two additional constructs, with the first 214 and 191 residues of CerS5, respectively, attached to the C terminus of CerS2, were also generated; in the latter, all of the Lag1p motif was provided by CerS2 (Fig. 2) . None of the three chimeras displayed any activity toward C16-or C22-CoA (Fig. 4 ). This suggests that (i) the first 221 residues of CerS5 are not sufficient for its activity or specificity when attached to the C terminus of CerS2 and (ii) the last 196 residues of CerS2 are not sufficient for activity toward C22-CoA even when the entire Lag1p motif is provided by CerS2. Together, the data demonstrate that appropriate interactions between the N and C termini of CerS proteins are essential for their activity.
Chimeras Containing the C Terminus of CerS5-We next generated chimeras in which the N terminus was provided by CerS2 and the C terminus by CerS5. Five constructs were prepared in which 131, 152, 159, 163, or 166 N-terminal residues of CerS5 were replaced by the corresponding residues of CerS2 (Figs. 2 and 5A ). Levels of C16-ceramide synthesis by C2:C5 131-392 , C2:C5 152-392 , and C2:C5 159 -392 were similar to native CerS5 (Fig. 5B) . No activity toward C16-CoA was displayed by chimeras containing more than 159 residues provided by the N terminus of CerS2 (Fig. 5B) . None of the chimeric proteins displayed any activity using C22-CoA (Fig. 5C and  data not shown) . These results demonstrate that (i) the 158 N-terminal residues (including the first putative transmembrane domain and most of the second putative transmembrane domain) of CerS5 are not required for its specificity as they can be replaced by the corresponding residues from CerS2 and (ii) the Hox-like domain (including the 12 amino acid domain at the border of the Hox-like and TLC domains that were shown to be essential for activity (18)) is not required for specificity.
Chimeras Containing the C Terminus of CerS2-We examined the role of the C terminus in determining specificity. Chimeras were generated containing 296, 309, 331, or 340 N-terminal residues of CerS5 with the remaining C-terminal residues provided by CerS2 (Figs. 2 and 6A) . In chimeras containing Ͼ309 residues from CerS5, significant activity using C16-CoA was detected, but no activity was detected in a chimeric protein containing only 296 residues of CerS5 (Fig. 6B) . C5 1-296 :C2 did not display any activity using C22-CoA (Fig.  6C) . We, therefore, conclude that the 83 C-terminal residues of CerS5, which contain the putative sixth transmembrane domain, are not required for specificity and that a region containing 13 residues (residues 296 -309, a putative loop between transmembrane domains 5 and 6) is essential for activity.
To test the possibility that the lack of activity of some of the constructs was due to misfolding or instability of the chimeric proteins, we examined the stability of various chimeras after blocking de novo protein synthesis using cycloheximide. There was no difference in stability of any of the constructs after 2 h, with small changes in stability 4 h after the addition of cycloheximide (Fig. 7) . However, there was no correlation between stability and activity. For instance, C5 :C2 gives high levels of activity, whereas C5 1-296 :C2 did not display any activity (Fig.  6) , although both appeared equally stable (Fig. 7) . It should be noted that the half-life of CerS2 and CerS5 and the CerS2/5 chimeras is considerably longer than another CerS, CerS1 (23) .
The Minimal Region of CerS5 and CerS2 Required for Specificity-We combined some of the constructs generated above to determine the minimal region of CerS5 required for specificity. Three chimeras were prepared in which the N and C termini were provided by CerS2 and the middle portion by CerS5. C2:C5 :C2 displayed essentially the same activity as native CerS5 using C16-CoA as substrate even though 47% of the protein sequence was provided by CerS2 (Fig. 8) . Two additional chimeras, C2:C5 152-309 :C2 and C2:C5 159 -309 :C2, were also able to utilize C16-CoA as substrate, exhibiting 30 -40% of the activity of native CerS5 (Fig. 9A) . Remarkably, C2: C5 159 -309 :C2 (see Fig. 11 ), which only contains ϳ40% of the CerS5 sequence, was still able to use C16-CoA as substrate, albeit at lower levels than native CerS5. None of the three constructs displayed any activity toward C22-CoA (Fig. 9B and data  not shown) . The stability of C2:C5 159 -309 :C2 was similar to that of CerS5 (Fig. 7) . The ability of C2:C5 159 -309 :C2 to generate C16-ceramide was confirmed by electrospray ionization-MS/MS in which there was a significant increase in C16-ceramide in cells overexpressing C2:C5 159 -309 :C2 (Fig. 9C ). These results demonstrate that large areas from the N and C termini of CerS5 can be replaced with the homologous residues in CerS2 without affecting the specificity of CerS5 toward C16-CoA.
Finally, we generated two additional chimeras in which the N and C termini were provided by CerS5 and the middle portion by CerS2. C5:C2 144 -332 :C5 and C5:C2 151-301 :C5 (Fig. 10C ) displayed similar activity to CerS2 using C22-CoA as substrate FIGURE 7 . Protein stability after cycloheximide treatment. Western blotting of chimeric proteins was performed at various times after addition of cycloheximide. GAPDH was used as a loading control. The Western blot is a typical experiment repeated up to three times. ( Fig. 10B ) with no activity using C16-CoA (Fig. 10A) . C5:C2 151-301 :C5 contains only ϳ40% of the CerS2 sequence, similar to the amount of the CerS5 sequence remaining in C2:C5 159 -309 :C2, indicating that the specificity of both CerS2 and CerS5 is determined within a region of 150 amino acids.
DISCUSSION
In this study we undertook a systematic analysis of structurefunction relationships of CerS proteins. Unfortunately, no three-dimensional structures of the CerS are available due to difficulties in crystallizing multi membrane-spanning proteins, so approaches to determine structure-function relationships, such as membrane topology and characterization of the active site, currently rely on manipulation of the primary sequence. To this end we generated a series of chimeric proteins composed of different regions of CerS5 and CerS2. These proteins were chosen because they have widely different acyl-CoA specificities, allowing easy determination of the substrate preferences of the chimeric proteins. Other structure-function studies of the CerS are quite limited (16 -18) , with two studies attempting to determine membrane topology (9, 17) and other studies using site-directed mutagenesis to determine residues required for activity (16, 17) . Our approach differs from these previous studies inasmuch as we exchanged regions and motifs between CerS5 and CerS2.
The main finding of our study is that a minimal region of 150 residues within the TLC domain is sufficient for maintaining specificity (Fig. 11A) . In CerS5 this region is composed of residues 159 -309 and is sufficient for maintaining specificity toward C16-CoA, whereas the equivalent region in CerS2 is composed of residues 151-301, which is sufficient to maintain C22-CoA specificity.
Mammalian CerS share significant sequence homology, with hCerS5 and hCerS2 41% identical and 63% similar. Interestingly, the middle region of the proteins (residues 159 -309 in CerS5 and residues 151-301 in CerS2) is more conserved than the N-and C-terminal portions (Fig. 11B) . This result is somewhat surprising because we assumed that the acyl chain specificity would be determined in areas of lower conservation.
A number of additional conclusions can be extrapolated from our data. First, residues 159 -309 in CerS5 and 151-301 in CerS2 are involved in determining specificity, whereas the conserved TLC domain extends from residues 139 -340 in CerS5 and 131-329 in CerS2, suggesting that the initial 20 and last 31 residues of the TLC domain have a function other than determining specificity. Of these 51 residues, 25 differ between CerS2 and CerS5 but do not play any role in the acyl-CoA specificity of the two proteins. Second, although the precise membrane topology of the CerS is not known, our data provide hints about possible modes of interaction between different regions of the proteins. For instance, the data suggest an interaction between the beginning of putative transmembrane domain 2 and residues before residue 131, either at the end of first putative transmembrane domain or in the loop between them, as C2:C5
131-392 has less activity than C2:C5 152-392 . Third, the end of the second putative transmembrane domain (from residue 159 in CerS5, Fig. 11 ) plays a key role in activity. Residues toward the C terminus of this domain differ significantly between CerS5 and CerS2, with the former containing more bulky and polar residues. Specifically, residue 160 of CerS5 is an arginine, whereas the equivalent residue in CerS2 (residue 152) is alanine; site-directed mutagenesis of this residue in CerS2 (CerS2 A152R ) had no effect on its activity or specificity (not shown). Fourth, the first putative transmembrane domain, part of the second transmembrane domain, and the sixth transmembrane domain are not involved in acyl-CoA specificity. Finally, the loop between the putative fifth and sixth transmembrane domains appears important for specificity and activity (compare the activities of C5 :C2 and C5 :C2) and is worthy of further investigation (Fig. 11) . Interestingly, the beginning of this putative loop is the equivalent location of two spontaneous mutations in mouse CerS1 that causes loss of activity (45) . Finally, although only 150 residues are needed for specificity, it is clear that the remainder of the protein is required to maintain the three-dimensional structure of the enzyme and presumably to hold the region required for specificity in the right conformation.
In summary, our results indicate that less than 40% of the CerS sequence is involved in determining substrate specificity. These findings pave the way for studies to attempt to reveal the precise role of these 150 residues and the mechanism by which they determine substrate specificity.
